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1 | INTRODUCTION

The a-helix represents one of the most common secondary structures

of bioactive peptides and protein domains, and helical motifs often
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Side-chain-to-side-chain cyclization is frequently used to stabilize the «-helical con-
formation of short peptides. In a previous study, we incorporated a lactam bridge
between the side chains of Lys-i and Asp-i+4 in the nonapeptide 1Y, cyclo-(2,6)-(Ac-
VKRLQDLQY-NH,), an artificial ligand of the inhibitor of DNA binding and cell differ-
entiation (ID) protein with antiproliferative activity on cancer cells. Herein, we show
that only the cyclized five-residue segment adopts a helical turn whereas the C-
terminal residues remain flexible. Moreover, we present nine 1Y analogs arising from
different combinations of hydrophobic residues (leucine, isoleucine, norleucine,
valine, and tyrosine) at positions 1, 4, 7, and 9. All cyclopeptides except one build a
lactam-bridged helical turn; however, residue-4 reveals less helix character than the
neighboring Arg-3 and GIn-5, especially with residue-4 being isoleucine, valine, and
tyrosine. Surprisingly, only two cyclopeptides exhibit helix propagation until the C-
terminus, whereas the others share a remarkable outward tilting of the backbone car-
bonyl of the lactam-bridged Asp-6 (>40° deviation from the orientation parallel to
the helix axis), which prevents the formation of the H-bond between Arg-3 CO and
residue-7 NH: As a result, the propagation of the helix beyond the lactam-bridged
sequence becomes unfavorable. We conclude that, depending on the amino-acid
sequence, the lactam bridge between Lys-i and Asp-i+4 can stabilize a helical turn
but deviations from the ideal helix geometry are possible: Indeed, besides the
outward tilting of the backbone carbonyls, the residues per turn increased from 3.6

(typical of a regular a-helix) to 4.2, suggesting a partial helix unwinding.

KEYWORDS
carbonyl tilting, circular dichroism, lactam bridge, NMR spectroscopy, a-helix

play a key role in important molecular recognition events.>? In order
to augment the helicity of short sequences involved in ligand/protein
or protein/protein interactions, a variety of covalent constraints
have been developed, which include backbone H-bond mimicry®>*
and side-chain crosslinking via disulfide®> sulfide,®” 1,4-triazole,®?

hydrocarbon,°7% diester,'® and lactam bridges.}”"2° These covalent
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constraints are also used in combination with unnatural amino acids
that prefer the helical structure and/or may increase peptide stability
against proteases, like Ca-tetrasubstituted amino acids and p- and
y-amino acids,1%16:30-32

Among the cyclization approaches mentioned above, the con-
version of a linear peptide into a macrolactam via two side chains
containing an amino and carboxylic group, respectively, is broadly
applied, especially because it can be accomplished also by exploiting
the natural amino acids lysine and aspartate or glutamate which are
readily accessible and affordable on the market with different
orthogonal groups. In addition, a comparative study conducted by
de Araujo et al.®® has shown that the lactam bridge between Lys-i
and Asp-i+4 is the best covalent constraint to induce a nearly ideal
a-helical turn of the model pentapeptide Ac-KAAAD-NH, in an
aqueous environment, followed by the 1,4-triazole and the unsatu-
rated hydrocarbon bridges.®* In contrast, the m-xylene- and the
perfluorophenyl-dithioether linkages have not been able to induce
an a-helical turn. In a previous work, the same group had also
shown that the lactam bridge between Lys-i and Glu-i+4 or
between Asp-i and Lys-i+4 is not suited to stabilize an a-helical
turn in aqueous solution.?2

Recently, we have used the lactam-bridge constraint between
Lys-i and Asp-i+4 to stabilize the helical conformation of octapeptides
derived from native helical motifs of the helix-loop-helix (HLH) region
of the ID2 protein (inhibitor of DNA binding and cell differentiation
2%9). Not all cyclized sequences adopted the expected helical
conformation,® suggesting that the primary structure plays a role in
determining the secondary structure despite the presence of
covalent constraints.>*%” Among the resulting helical cyclopeptides,
cyclo-(2,6)-(Ac-VKRLQDLQ-NH,) (1) could nicely mimic the side-chain
hydrophobic pattern of the two ID-protein helices at positions i,
i+3, and i+6 (Figure 1A), as shown by the comparison of the NMR

solution structure of 138

with the crystal structure of the ID2
HLH homodimer.3’ Moreover, 1Y, an analog of 1 containing an
additional C-terminal residue (Tyr-9, used as internal chromophore)
and whose NMR solution structure has been elucidated in this work
(Figure 1B), was found to be an ID protein-binding candidate that
negatively modulated the cell-cycle progression of cancer cells*® and
further achieved synergistic effects in combination with photody-
namic therapy.*°

Because of its interesting biological properties, 1Y might be used
as a lead structure to develop other ID protein-binding helical pep-
tides. Since the ID proteins undergo protein-protein interactions via
hydrophobic contacts of their native helices,®**! the optimization of
the hydrophobic amino acid pattern of 1Y at positions 1, 4, and
7 (Figure 1B) might result in optimized ligand and inhibitor proper-
ties. However, we were wondering if the conformation of the side-
chain-to-side-chain cyclized nonapeptide scaffold would remain unaf-
fected by multiple changes along the sequence. Although it has been
proposed that the lactam bridge between Lys-i and Asp-i+4 stabilizes
the helical turn via a water-driven n-z* interaction between the
a-carbonyl oxygen of Lys-i and the carbonyl carbon of the lactam

moiety,* it has been also reported that the helicity of such lactam-

bridged scaffolds is sensitive to the amino acid sequence.?*3% Here,
we elucidated the NMR solution structure of 1Y and compared it
with those of nine analogous sequences that differ in the type of
hydrophobic residues at positions 1, 4, 7, and 9 (Figure 1C). Interest-
ingly, most structures reveal a helical conformation in which some
backbone carbonyls are tilted outwards compared to the helix axis,
which is especially critical for the lactam bridged aspartate and is
not compatible with the propagation of the helix until the

C-terminal end.

2 | MATERIALS AND METHODS

21 | Peptide synthesis

The linear peptides were assembled on an automatic peptide synthe-
sizer (Syro |, Biotage, Sweden) by using a Rink-amide resin (100-200
mesh, loading 0.57 mmol/g; Iris Biotech, Germany) and Fmoc chemis-
try. The protected amino acids, N,N-diisopropylethylamine (DIPEA),
piperidine, N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP), dichloromethane (DCM), diethylether, and trifluoroacetic acid
(TFA) were purchased from lIris Biotech. The amino acid side-chain
protecting groups were tBu for Tyr, alloc for the Lys to be cyclized,
allyl for the Asp to be cyclized, Pbf for Arg, Trt for GIn. The Fmoc
deprotection was carried out with 25% piperidine in DMF/NMP
(70:30, v/v) for 3 min and 12.5% piperidine in DMF/NMP (70:30, v/v)
for 12 min. The couplings were accomplished with the mixture Fmoc-
AA-OH/HOBt/HBTU/DIPEA (5:5:4.8:10 equiv.) for 2 x 40 min. N-
terminal acetylation was performed manually with acetic anhydride/
DIPEA (10:10 equiv.) in DMF for 30 min. The allyl/alloc protecting
groups were orthogonally removed by repeated treatments
(6 x 10 min) with Pd (PPh3)s (0.5 equiv.) in the presence of PhSiH3
(25 equiv.) in DCM. Side-chain cyclization was carried out with
DIPEA/DEPBT (3:2 equiv.) in DCM/DMF (3:1, v/v) for 72 h. The
cyclized peptides were cleaved from the resin with TFA/H,O/TIA/
EDT/TIS (90:1:3:3:3; Viot = 1 ml) for about 3 h, precipitated by ice-
cold diethyl ether and recovered by centrifugation at 4°C for 5 min.
The homogeneity and identification of the desired cyclopeptides were
assessed by analytical HPLC (Ultimate 3000, Thermo Fisher Scientific,
Germany) and MALDI-TOF-MS (Autoflex, Bruker Daltonics, Germany)
(Table S1 and Figures S1 and S2).

2.2 | CD spectroscopy

The peptides were dissolved in water, 50 mM phosphate buffer
(pH 7.3) or 10 mM acetate buffer (pH 4.5) at the following concentra-
tions (determined by the UV absorbance of tyrosine using the molar
extinction coefficient of 1,480 M~ cm~?! at 276 nm*?): 154 uM (1Y),
105 uM (2), 128 uM (3), 152 uM (4), 165 pM (5), 130 uM (6 and 8),
148 uM (7), 140 uM (9), and 135 uM (10). The CD spectra were
recorded at 23°C on a Chirascan Plus CD spectrometer (Applied Pho-
tophysics, UK) using a 1 mm quartz cell from Hellma Analytics. For
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FIGURE 1 (A) Crystal structure of the ID2
HLH dimer (PDB ID: 4AYA) showing the
hydrophobic three-residue pattern Met-62, Leu-
65, Val-68 from the C-terminal helix of the ID2
HLH domain. (B) NMR solution structure of 1Y
showing the hydrophobic three-residue pattern
Val-1, Leu-4, Leu-7 (one of the 20 low-energy
structures is shown. Backbone RMSD: 0.50
+0.23 A). (C) Sequence of 1Y and its analogs
derived by modifying the type of hydrophobic
residue at positions 1, 4, 7, and 9 (X = norleucine,
Nle). The p-branched residues Val and lle are
shown in red, and the aromatic residue Tyr is
shown in blue
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each CD spectrum, three scans were accumulated using a step resolu-
tion of 1 nm, a bandwidth of 1 nm, and a time-per-point of 1 s. The
CD spectrum of the solvent was subtracted, and the difference spec-
trum was normalized to express the ellipticity in mean-residue molar
ellipticity, divided by 10° and represented in the graphs as [0]g x 1072
(deg cm? dmol~Y) (Figures 2 and S3-S5).
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2.3 | NMR spectroscopy

The NMR spectra were recorded on an AVANCE Il HD 600 MHz
spectrometer (Bruker Biospin, Germany) equipped with a QXI
(*H/*3C/*>N/3P) probe at 298 K. Samples were dissolved in either
D,0 (100 atom%D, Armar Europe, Germany) or 7% D,0/93% H,O
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FIGURE 2 CD spectra of the peptides in (A) phosphate buffer (50 mM, pH 7.3) and (B) water (pH range 3-4). The arrows indicate the change
in intensity/position of the CD bands of each cyclopeptide when compared to those of 1Y

and measured in 5 mm NMR tubes (Armar Europe, Germany). The spectra were recorded: *H-H TOCSY spectra with a mixing time of
solutions were measured at acidic pH, to slow down amide exchange, 120 ms, 1,024 x 256 complex points, spectral widths of 12.9 and

and without salt or buffer for a high signal-to-noise ratio. Standard 2D 8.33 ppm, four scans, and a recycle delay of 1 s; an identical



MOAZZAM ET AL.

Journal of

Peptide’ i —WILEY-L 2%

experiment with a mixing time of 12 ms served as a IH-'H COSY: a
1H-'H ROESY with a mixing time of 200 ms, 1,024 x 350 complex
points, spectral widths of 12.9 and 10.0 ppm, 80 scans, and a recycle
delay of 1.2 s; a *H-13C HSQC optimized for aliphatic side chains with
512 x 125 complex points, spectral widths of 13.9 and 77.0 ppm,
80 scans, a recycle delay of 1.5 s, and a 1°C offset of 45 ppm:; a
1H-13C HSQC optimized for aromatic side chains with 512 x 50 com-
plex points, spectral widths of 13.9 and 44.2 ppm, 80 scans, a recycle
delay of 1.5 s, and a *3C offset of 128 ppm.

Spectra were referenced to 2,2-dimethyl-silapentane sulfonic
acid (DSS) using an external sample of 0.5 mM DSS and 2 mM
sucrose in H,O/D,0. Data were processed with Topsin 3.6 (Bruker

543 All chemical

k44

Biospin, Germany) and analyzed using Sparky 3.11
shift assignments have been deposited at the BioMagResBan
under the accession numbers 28119, 28120, 50498-50502, and
50504-50506.

24 | NOE-restrained structure calculation

NOE cross-peaks extracted from 2D ROESY spectra were categorized
in small, medium, and strong and converted into distance restraints.
Structure calculations based on torsion angle dynamics were con-
ducted using CYANA 3.0.*° The CYANA library file was extended to
include norleucine (NLE), an N-terminal acetyl (ACE), a C-terminal
amide (NH2), a lysine, and an aspartate forming a lactam bridge (LYL
and ASL). Coordinates for these additional residues were extracted
from the PDB structures: 5SMAS for ACE, 1HJE for NH2, and 2F4K
for NLE. Coordinates and topologies of ASL and LYL were based on
asparagine and lysine entries of the CYANA library file. A covalent link
between ND2 of LYL and CE of ASP was introduced as a restraint of
1.45 A with a weight of 5.00E+1 (applied as upper and lower limit).
To achieve a correct geometry of the peptide bond within the lactam
bridge, two restraints, one between LYL CD and ASL ND2, another
between LYL CE and ASL CG were introduced (for both a lower limit
of 2.40 A with weight 1.00E+1 and an upper limit of 2.50 A with
weight 1.00E+1). NOE upper limit restraints were applied with a
weight of 1. For each peptide, 200 structures were calculated, and the
20 structures with the best target function were selected for the
structural ensemble (Table S2). Structures were analyzed, fitted, and

illustrated using MolMol.*¢

2.5 | Calculation of the tilt angle # and number of
residues per turn p

The angle 0 of a given backbone carbonyl C-O vector relative to the
helix direction vector was obtained from atomic coordinates following

k4’ as was the number

the procedure described by Haimov and Srebni
of residues per helix turn (p). Calculations were carried out in Python
(http://python.org) using UCSF ChimeraX*® and numpy modules
(http://numpy.org). Secondary structure assignments by MolMol*®

were used for the definition of the axis of the helices.

3 | RESULTS
3.1 | Moadification of the hydrophobic pattern of
1Y

The hydrophobic pattern of 1Y consists of Val-1, Leu-4, and Leu-7
and reproduces the (i, i+3, i+6)-hydrophobic pattern of the native
helices of the ID proteins (Figure 1A,B). The C-terminal Tyr-9 was
introduced to serve as internal chromophore. By substitution of one
(2-4), two (5), or all three (6 and 7) positions, we generated peptides
with increasingly marked differences in the (1, 4, 7)-hydrophobic pat-
tern with respect to 1Y: For example, the analog with highest similar-
ity to 1Y is represented by 2 that contains norleucine-4 (Nle-4) in
place of Leu-4, followed by analogs 3 and 4, in which Leu-4 or Leu-7
was replaced by the sterically more demanding Tyr-4 or lle-7, respec-
tively (Figure 1C). In addition, we prepared three analogs, in which
also position 9 was changed (8-10). The peptides containing two up
to four substitutions are more different from 1Y, except for analog
7 that contains three norleucine residues in place of Val-1, Leu-4, and
Leu-7: Indeed, only the substitution Val1Nle (isopropyl versus n-butyl)
can be considered less conservative.

3.2 | Replacements within the hydrophobic
pattern of 1Y affect its circular dichroism
spectroscopic signature

We investigated the conformational properties of the lactam-bridged
peptides by CD spectroscopy in phosphate buffer at pH 7.3. 1Y is
characterized by an a-helix-like CD spectrum with moderate intensity:
the two minima at 220 nm (n-z*) and 208 nm (||z-z*) have similar
intensities (about —6,000 deg cm? dmol™Y), whereas a positive CD
contribution for the L n-x* transition is present below 201 nm and
reaches about 10,000 deg cm? dmol~* at 195 nm (Figures 2A and S3).
The subtle substitution Leu4Nle or Leu7lle in peptides 2 and 4,
respectively, leads to a 1-nm blue shift of the two minima as well as
to a moderate loss of intensity of the n-n* and L n-x* bands, especially
in the case of the substitution Leu7lle in peptide 4. For peptide
3 (LeudTyr), the main dichroic differences from 1Y are the 2-nm blue-
shifted n-z* band and the higher contribution of the L n-z* band. The
CD spectrum of peptide 7, which contains Nle at the three positions
1, 4, and 7, is more intense than that of 1Y, suggesting a higher helical
content. A remarkably different CD shape is shown by peptide
5 (Val1Tyr, Leu7Val), which is characterized by a pronounced, blue-
shifted (to about 206 nm) ||x-z* band at the expense of the n-z* band
that is detectable as a shoulder near 217 nm. For peptides 6, 8-10,
the CD spectra are much less intense than that of 1Y, particularly
below 200 nm, which is the region of the L n-n* band for an a-helical
motif (Figures 2A and S3).

These CD data suggest that even subtle side-chain modifications
of 1Y (e.g., Leud4Nle in 2 or Leu7Ile in 4) lead to subtle conformational
changes that affect the coupling of the dipole moments of the (iso)

peptide bonds and, thus, the shape of the CD curve. The importance
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of the side chains in determining the geometry of the lactam-bridged
peptide backbone is also supported by the observation that the CD
spectra of peptides with the same amino acid composition, but scram-
bled sequences are not superimposable (i.e., 2 with 8 and 4 with 10).

Since the conformational properties of peptides and proteins may
change with the environment, we additionally measured the CD spec-
tra of 1Y and its analogs dissolved in pure water (pH range 3-4)
(Figures 2B and S3). Unlike peptides 3, 4, 6, and 7 that show compara-
ble CD spectra in buffered and unbuffered solutions (Figure S4), the
other peptides display changes iin the intensity of one or both minima.
Interestingly, in the case of peptides 1Y, 2 and 5, the n-n* CD band is
not affected by the presence or absence of the buffer, whereas the
||n-n* band increases in the absence of buffer for 1Y or in the pres-
ence of buffer for 2 and 5 (Figures 2B and S4). This observation is
quite surprising, especially because 1Y and 2 differ only at position
4, where a leucine (1Y) or a norleucine (2) is present. Since all peptides
contain only one basic residue (Arg-3) and no acidic residues, the dif-
ferent CD curves obtained in phosphate buffer at pH 7.3 or in the
absence of buffer at pH 3-4 cannot be attributed to a change in the
ionization state of the peptides. To investigate the effect of the buffer
ions, we recorded the CD spectra of 2 and 5 in acetate buffer at
pH 4.5 (Figure S5); interestingly, the CD curve of the peptides in ace-
tate buffer is more similar to that in phosphate buffer than in water,
which excludes a pH effect but supports a salt effect. However, the
presence of a different conformation in sodium phosphate and ace-
tate cannot be fully ruled out, since the CD spectra in acetate buffer
could not be recorded below 205 nm because of the strong buffer
absorbance: In particular, the ||z-z* CD band is not visible, which
might be blue-shifted below 205 nm or disappear under increased
negative contribution, especially in the case of peptide 2, reflecting a
modification of the conformation when changing the phosphate ion
with the acetate ion.

3.3 | The secondary chemical shifts and 3Jiyng
values of the lactam-bridged pentapeptide fragment
2-6 reveal an anomalous behavior of the residue at
position 4

We investigated all peptides in water by NMR spectroscopy. A first
analysis was performed on the basis of the a- and p-carbon chemical
shift deviations from the corresponding random coil values, so called
secondary chemical shifts (SCSs), according to Metzler et al.*? For
norleucine, the random coil Ca and Cp shifts were obtained by mea-
suring the reference peptide Ac-GGXGG-NH, in 7 M urea at pH 2.3
and 7.4 (Table S3). For the lactam-bridged Asp-6, we used the random
coil values of asparagine. Positive SCS values are typical for residues
in helical conformation (SCS close or above 2 ppm) or with helix pro-
pensity (SCS smaller than 2 ppm).®° In analogy, negative SCS values
are typical for residues in p-strand conformation or with B-sheet pro-
pensity. As shown in Figure 3A, a common SCS pattern can be recog-
nized, which identifies Lys-2, Arg-3, and GIn-5 as the most helical or
helix-prone residues. Surprisingly, the residue at position 4 and the

lactam-bridged Asp-6 are characterized by smaller SCSs (or even with
opposite sign, as for Val-4 in peptide 10). The smoothed SCS profiles,
which better highlight the presence of secondary structure along the
sequence,*’ reveal superior helical character of the N-terminal over
the C-terminal part of the peptides, which fits with the presence of
the lactam bridge between Lys-2 and Asp-6 (Figure 3B). However, the
effectiveness of this constraint in forming a helix turn is clearly differ-
ent among the constrained sequences: In fact, except for peptide 7,
which is very likely to form a stable N-terminal helical turn, the other
peptides will exist in an ensemble of conformations in equilibrium, in
which the helical one should be predominant over residues 1-4. It is
interesting to note that peptides 6 and 10, which show the least
intense chemical shift deviations for residues 3-5 (Figure 3B), contain
the p-branched residues isoleucine (6) and valine (10) at position 4:
This agrees with the knowledge that such residues are less helix-
prone than leucine and methionine, the latter being isosteric to
norleucine.®? This fits also with the CD data, as peptides 6 and 10 in
water are characterized by the lowest CD intensity among all peptides
(Figure S3d).

Further, we examined the chemical shifts of the amide protons
and their 3Jin, coupling constants: Especially, the latter depend on
the backbone conformation and, thus, are indicative of the presence
of ordered or disordered structure. About the amide protons, we
noticed that the signal for residue-4 was significantly upfield (7.3-
7.6 ppm) with respect to the others (7.9-8.4 ppm). Although the heli-
cal conformation generally induces a moderate upfield shift of the res-
onances of the backbone amide protons with respect to random coil
values,”® the deviations observed for position 4 are unusually large
(—0.8 to —0.6 ppm; Figure Sé), so that the amide proton of residue-4
falls in the region of the C-terminal amide protons (7.1-7.6 ppm).
Position 4 was found to be peculiar also for the 3Jin, value: Indeed,
while the two sequential residues Lys-2 and Arg-3 display *Jina
values around 4 Hz, which is characteristic of «- or 349-helix
conformation,>* the residue at position 4 adopts significantly higher
3 J1ng Values (6-8 Hz), similarly to the C-terminal residues 6-9. These
data agree with the chemical shift deviations reported in Figure 3 and
suggest that the formation of an ideal a- or 319-helix spanning over

the nine residues of these peptides in water is unlikely.

3.4 | The NMR solution structures reveal the
presence of tilted backbone carbonyls

We calculated the three-dimensional structure of the cyclopeptides
by using the NOE constraints reported in Figure S7. Figures 5 and 6
summarize the ensembles of 20 low-energy structures of each pep-
tide and the frequency of helix/bend/turn/coil per residue, as ana-
lyzed by the MolMol program* on the base of the secondary-
structure element definitions given by Kabsch and Sander: In detail, a
helix is defined as the repeat of turns stabilized by backbone H-bonds
between the carbonyl of residue i and the amide hydrogen of residue
i+n (n = 3-5), whereas a bend describes a backbone curvature of at

least 70° (this angle is built by the Ca atoms of the three residues
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FIGURE 3

(A) Chemical shift differences (ppm) between the measured and random coi

|51

Ca and CB shifts for each residue (X = norleucine)

of the peptides in water (pH range 3-4). (B) The values were smoothed by using the equation (A8;.; + A8; + A8;,1)/3 (except for the end
positions, for which only one neighboring residue was considered)
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FIGURE 4 3J,n coupling constants of the peptides in water

(pH range 3-4). The splitting of resonances suffering from overlap has
been omitted. For the %Jjyn, values, see also Table 54

i--2, i, i+2).>> Notably, peptides 4 and 7 display a high number of heli-
cal residues: Indeed, the helix segment 2-8 is present in at least 85%
of the 20 low-energy structures (see Figure 6). In contrast, a shorter
helical motif (residues 2-5) is present in all 20 structures of peptides
1Y, 2, 3, and 5, whereas the lactam-bridged Asp-6 (and residue 7 in
peptides 1Y, 2 and 5) is mainly found in a bend conformation. Regard-
ing peptides 6 and 8-10, the helix structure is moderately or poorly
populated, which agrees well with the CD data: Indeed, these four
peptides gave much less intense CD spectra than the other more heli-
cal analogs (Figure S3a-d).

The NMR solution structures of the lactam-bridged peptides are
shown in Figure 5. Besides intramolecular stabilizations, particularly
backbone H-bonds forming 13-membered (Cy3) or 10-membered
(Cq0) rings, distortions of the helical backbone are also evident, as
already suggested by the chemical shift deviations and the 2Jyn, cou-
pling constants (Figures 3 and 4). Peptide 1Y shows a helical turn from
Lys-2 to GIn-5, which is stabilized by two backbone H-bonds (Val-1
CO with GIn-5 NH, and Lys-2 CO with Asp-6 NH) (Figure 5). The car-
bonyl oxygen of the lactam bridge points outwards, and the distance
between the Asp-6 y-carbonyl carbon and the backbone-carbonyl
oxygen of Lys-2 is in the range of 2.8-3.2 A, suggesting that a n-t*
interaction might additionally stabilize the lactam-bridged helical turn,
as recently proposed by Hoang et al.®* Remarkably, the backbone
carbonyl of Asp-6 is tilted outwards and exposed to the solvent: We
calculated the tilt angle 6 between the C—O vector of the backbone
carbonyl of Asp-6 and the helix axis in all 20 low-energy structures by

k.*” We observed

using the approach published by Haimov and Srebni
two clusters, the most populated one (14 out of 20 structures) with a
0 value of about 78° and another one with a 6§ value of about 33°
(Table S5). This implies a pronounced deviation of the peptide-bond
plane between Asp-6 and Leu-7 from the orientation parallel to the

helix axis. Such backbone distortion disfavors the helix propagation

beyond Asp-6 by preventing the formation of the H-bond between
Arg-3 CO and Leu-7 NH. Besides Asp-6, also GIn-5 shows an accentu-
ated backbone-carbonyl tilting with a @ value of about 20° (Figure 5).

Replacement of Leu-4 with norleucine (peptide 2) leads to subtle
but still detectable changes in the structure: First, the lactam-bridged
helix turn seems to be not stabilized by a n-z* interaction between the
Asp-6 y-carbonyl carbon and the backbone-carbonyl oxygen of Lys-2
(distance > 3.2 A). Second, the peptide-bond plane between GIn-5 and
Asp-6 deviates about 28° from the orientation parallel to the helix
axis, which, on the one hand, exposes the backbone-carbonyl oxygen
of GIn-5 to the solvent and, on the other hand, allows the backbone-
amide hydrogen of Asp-6 making contacts with both Lys-2 and Arg-3
backbone-carbonyl oxygens. Like in 1Y, there is no helix propagation
from the C-terminal side of the lactam bridge, as the peptide bond
plane between Asp-6 and Leu-7 is rotated of about 66° from the
orientation parallel to the helix axis in all 20 low-energy structures.

Peptide 3, which contains a Leu4Tyr substitution, displays the
same H-bond network of 1Y and the same feature of the peptide
bond plane between Asp-6 and Leu-7 of being rotated of about 29°
or 72° from the orientation parallel to the helix axis in 11 and 9 struc-
tures, respectively. This leads to the formation of a weak H-bond
between Arg-3 CO and Leu-7 NH in the first case and of a moderate
H-bond between Tyr-4 CO and Leu-7 NH in the second case. How-
ever, the lactam bridge does not seem to be involved in a n-n* interac-
tion, like in 1Y, but rather in an intra-residue H-bond with the
backbone-carbonyl oxygen of Lys-2.

Deviations of the peptide-bond plane between Asp-6 and Val-7
from the orientation parallel to the helix axis are also present in pep-
tides 5 (Val1Tyr and Leu7Val) and 6 (VallNle, Leudlle, and lle7Val),
which lead to the formation of an H-bond between Leu-4 CO and
Val-7 NH in four structures of peptide 5, or between GIn-5 CO and
Val-7 NH in 15 structures of peptide 6. Moreover, the backbone car-
bonyls of Arg-3 in both peptides and of GIn-5 in peptide 5 show
accentuated outward tilting (Figure 5).

Peptides 4 (Leu7lle) and 7 (Val1Nle, Leu4Nle, and Leu7Nle) show
not only the lactam-bridged helical turn but also helix propagation
until the C-terminus, with the five expected backbone H-bonds (i-i+4,
with i = 1-5). Furthermore, the backbone carbonyls of the fragment
3-5 appear, on average, less tilted than the respective groups in the
peptides described above. However, the Asp-6 backbone carbonyl
remains significantly tilted outwards.

Like in peptides 4 and 7, Asp-6 in peptide 10 adopts a helical con-
formation in most structures (Figure 6). However, the N-terminal and
C-terminal ends of the helix are not as well defined as for peptides
4 and 7: Indeed, the H-bonds lle-1 CO with GIn-5 NH, and Val-4 CO
with GIn-8 NH are present only in five and nine structures, respec-
tively, whereas the two backbone H-bonds (i-i+4, with i = 2, 3) stabi-
lizing the internal helical turn are found more frequently within the
20 structures.

Peptide 9, which contains the four substitutions Vallleu,
LeudNle, Leu7Tyr, and Tyr9Leu, displays an unusual H-bond pattern
that stabilizes the N-terminal part of the structure and consists of the
backbone H-bond between Leu-1 CO and GIn-5 NH, followed by the
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H-bond: _i-i+4  i-i+3_ _i-i+2 intra-residue

o

n = no. of structures containing the interaction

n@ = averaged value of the tilt angle 6 over n structures (n omitted if n = 20)

Peptide

FIGURE 5 Overlap of the 20 low-energy NMR solution structures of the peptides in water. For each peptide: On the left, overlayed

structural ensembles showing the peptide backbone and the lactam-bridge (yellow); on the right, the same ensembles with all side chains, rotated
by 90° to have the hydrophobic residues in front (green). H-bond and n-r* interactions are shown with dashed and dotted lines, respectively. The
H-bonds (Oe e eN) are shorter (m) or larger (w) than 3.2 A. The interactions are color-coded as explained in the legend. The number given at each
interaction corresponds to the number of NMR structures containing that interaction. The reported tilt angles of the carbonyl carbons of Arg-3,

residue-4, GIn-5, and Asp-6 are the average of n low-energy structures (Table S5). The frequency of helix per residue over the 20 structures,
which was extrapolated by MolMol and is indicated with the red ribbon, can be found in Figure 6

consecutive bifurcated H-bonds of Lys-2 CO with both the lactam
bridge and Asp-6 NH, and of Arg-3 CO with both Asp-6 NH and
Tyr-7 NH. This generates a C13/C40 turn motif with the coexistence
of two i—i+4 H-bonds (Lys-2 CO with Asp-6 NH, and Arg-3 CO with
Tyr-7 NH) and one i—i+3 H-bond (Arg-3 CO and Asp-6 NH). The lat-
ter is made possible by the deviation of the peptide bond plane
between GIn-5 and Asp-6 from the orientation parallel to the helix
axis, which approaches the backbone-amide hydrogen of Asp-6 to the
backbone-carbonyl oxygen of Arg-3, analogous to what was observed
in peptide 2.

4 | DISCUSSION

The a-helix is one of the most abundant secondary structures present

in peptides and proteins. It may play a structural and/or functional

role, contributing to the folding of globular proteins and/or being
directly involved in molecular recognition events: Examples are coiled
coils®® and, in general, a-helix bundles which promote peptide or pro-
tein oligomerization, as in the case of HLH and HLH-leucine zipper
transcription factors.>” The geometry of a regular a-helix, as described
by Pauling et al.,>® is defined by a helical turn, consisting of 3.7 resi-
dues and a translation of 5.44 A along the helix axis, which give rise to
the formation of i—i+4 H-bonds with an oxygen-nitrogen distance of
2.72 A and a C—N—H angle of no more than 30°. However, deviations
from this ideal geometry are often observed in folded peptides and
proteins, which include kinks and curvatures and are induced not only
by proline residues, but also by interactions of the backbone with the
environment or with the side chains as well as by steric hindrance or
packing of neighboring side chains.>’

Helix distortions are often overseen, especially when only the

backbone dihedral angles ¢ and y are considered. Indeed, the helical
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FIGURE 6
structure element definitions given by Kabsch and Sander®>

basin within the Ramachandran plot spans over a broad range of ¢
and  values, which comprises not only ideal a-helices, whose stan-
dard ¢ and y values are —64 = 7° and —42 + 7°, respectively, but also
the 340-helix and different types of turns.®® For example, the (o)
pairs adopted by alanine are much closer to those of a regular a-helix
than those adopted by threonine which are more typical for turns.
This reflects the different conformational propensities of the natural
amino acids, with alanine being the one with the highest a-helical pro-
pensity.>2%° Moreover, the conformational preference of a residue is
also affected by neighboring residues.*”¢°

Recently, Haimov and Srebnik found deviations of helical struc-
tures by analyzing residues in the a-helix basin of the Ramachandran
plot. They defined two very useful parameters for describing a helix,
namely, the tilt angle 6 (with & > 0 when the backbone-carbonyl oxy-
gen points outwards) and the number of residues per turn p47. Since
the 6 value is particularly sensitive to the H-bond alignment along the
helix axis, it well describes the quality of an a-helical conformation:
values in the range of 9-12° are typical of helices with high H-bond
alignment, whereas less ordered helical or even non-helical conforma-
tions display larger 0 angles. Interestingly, the B-branched amino acids
valine and isoleucine tend to adopt smaller @ values than other resi-

dues. Furthermore, phenylalanine and tyrosine, but not tryptophan,

no. of structures of 3

5 o 8
no. of structures of 4

>

o

1.2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
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I helix [l bend turn coil

Frequency of helix/bend/turn/coil per residue, as extrapolated from the MolMol program*® on the base of the secondary-

tend to increase the number of residues per turn (p value). Consider-
ing the dependency of the geometry of a helical conformation from
the type of residue itself as well as from its neighboring residues, it is
not surprising that the ten cyclopeptides presented here show a sig-
nificant dispersion of the 0 values, despite the presence of a covalent
conformational constraint. In detail, the residue at position 4 adopts a
tilt angle between —4° and 20° (the average of the most frequent 6
values for each peptide is considered, as shown in Table S5), which
implies that in some peptides the peptide bond plane between the
residue at position 4 and GIn-5 tends to deviate significantly from the
alignment with the helix axis, so that the backbone-carbonyl oxygen
of the residue at position 4 is more exposed to water and forms no or
only weak intramolecular H-bonds. The propensity to outwards tilting
of the backbone carbonyl is even higher for Arg-3 and GIn-5 in some
peptides: For example, Arg-3 in peptides 3, 5, 6, and 10 adopts a 8
value between 20° and 33°. For GIn-5, all peptides except 6 and
7 show a backbone-carbonyl tilting of 20° up to 57°. However, the
most substantial deviation is that of the peptide bond plane between
Asp-6 and the residue at position 7, which corresponds to a 6 value
between 44° and 78° in peptides 1Y, 2, 3, and 6. As a result, the helix
propagation from the C-terminus of the lactam-bridged turn is

strongly impaired, except for cyclopeptides 4 and 7 that display a
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FIGURE 7 Split of the amide-proton resonance of the lactam
group, as observed in the 1D-NMR spectra of the cyclopeptides in
water (pH 3-4). The complete amide-proton region of each 1D-NMR
spectrum is reported in Figure S8

moderate (OeeeN distance about 3 A) backbone H-bond between

Arg-3 and the residue at position 7 in all 20 low-energy structures.

Peptide

Recent work by Hoang et al.®* suggested that the (1,5)-lactam-
bridged pentapeptide Ac-KAAAD-NH, and the (2,6)-lactam-bridged
heptapeptide Ac-F (pNO,)KLLLD F (pNO,)-NH, build an a-helix turn
that is stabilized not only by backbone H-bonds, but also by a
medium-range n-z* interaction between the Lys a-carbonyl oxygen
and the Asp y-carbonyl carbon. This implies a rather rigid conforma-
tion of the lactam bridge, as reflected by the splitting of the amide-
proton resonance of the lactam bridge into a doublet of doublets in
the solution NMR spectra of the model pentapeptide due to different
3Juzne2 and 2Jzues coupling constants. 1D-NMR analysis of the ten
cyclopeptides presented here revealed a doublet of doublets for the
amide-proton resonance of the lactam group in peptides 1Y, 4, 5, 7,
and 9 (Figure 7). Albeit less clearly, peptides 3, 6, and 10 also exhibit a
doublet of doublets for the same signal, whereas for peptides 2 and 8,
this information could not be obtained due to signal overlap in the
1D-NMR spectra. The two J coupling constants extrapolated from
each doublet of doublets are <5 and >7 Hz for peptides 1Y, 4, 5, 7,
and 9, while they both fall in the range of 5-7 Hz for peptides 3, 6,
and 10. This suggests that the lactam bridge of the last three peptides
adopts a less rigid conformation, which correlates well with the less
intense secondary chemical shifts and the higher Jiyn, coupling con-

stants for the residue at position 4 (>7 Hz).

5 | CONCLUSIONS

In this work, we have investigated a series of analogs of the lactam-
bridged nonapeptide 1Y, which is a ligand of the ID proteins and
reduces cancer cell viability.>84° These analogs, which differ from 1Y
in the hydrophobic pattern (residues 1, 4, 7, and 9), were found to be
comparable to or less effective than 1Y in the cancer cell viability
assay: In particular, the replacement of Leu-4 with Tyr-4 was unfavor-
able (Figure S9). A detailed analysis of NMR secondary chemical shifts
and coupling constants of the amide protons revealed an anomalous
behavior of the residue at position 4, which is characterized by a
weakly positive or even negative secondary chemical shift and by a
%Juna Value close to 6 Hz or higher. Both NMR parameters are
unusual for an ideal a-helix conformation and indicate that the
lactam-bridged cyclized residues 2-6 do not possess the same degree
of helicity. Particularly poor helical character at position 4 has been
found for isoleucine, valine, and tyrosine, amino acids that are known

3652 or even to disturb the

to have only moderate helix propensity
helical geometry.*” The anomalous NMR parameters of the residue at
position 4, especially its 3Ji;n, Values in the range of 6-8 Hz, might be
interpreted as backbone flexibility; however, it is also plausible that
they arise from a distortion of the canonical a-helical turn upon intro-
duction of the lactam-bridge constraint. In fact, the helical structures
of all measured lactam-bridged peptides display an increment of the
number of residues per turn (p) in comparison to the ideal a-helical
turn (4.2-4.3 vs. 3.6, as reported in Table S5).

An additional anomaly of the cyclopeptides presented here is the
outward tilting of the backbone carbonyls, which is evident especially

at Asp-6 in almost all structures. Outward tilting of the backbone
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carbonyls is not unusual in native helical structures.® Such distortion
weakens the a-helix-stabilizing H-bonds and may favor the formation
of kinks, as observed at Asp-6 that corresponds to the stop of the
helix in most of the structures. To the best of our knowledge, this type
of backbone distortions in lactam-bridged stabilized helical conforma-
tions has not been reported yet. However, by analyzing crystal struc-
tures available for this type of constrained helices in the Protein Data
Bank (PDB)®? and in the Cambridge Crystallographic Data Centre
(CCDC),%® we have found significant tilting of the backbone carbonyl
either for the lactam-bridged aspartate or for the residues within the
cyclized motif (PDB ID: 5WGD and 5WGQ®*: CCDC deposition num-
ber 1941068%%) (Table S6). Moreover, these helices and those of our
present work share the same number of residues per turn ranging
from 4.0 to 4.2 (Tables S5 and S6), which is significantly higher than
that of a regular a-helix (3.6). Therefore, we tentatively attribute a
moderate unwinding effect to the lactam-bridged constraint between
Lys-i and Asp-i+4.

The present work shows that the incorporation of a constraint
aiming at the stabilization of a helical conformation is no guarantee
for a helical structure and does not exclude the occurrence of
backbone distortions. In the case of the lactam-bridge constraint
between Lys-i and Asp-i+4, we have identified altered helix charac-
ter for the residue at position i+2 as well as outward tilting of the
backbone carbonyls (particularly of the lactam-bridged aspartate
residue).
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